Lenalidomide is the approved treatment for patients with red blood cell (RBC) transfusion-dependent lower-risk myelodysplastic syndromes (MDS) and chromosome 5q deletion (del(5q)). We report the long-term outcomes (median follow-up 3.2 years) in patients treated with lenalidomide in the MDS-003 trial. RBC transfusion independence (TI) X8 weeks was achieved in 97 of 148 treated patients (65.5%), with a median response duration of 2.2 years. Partial or complete cytogenetic response was achieved by 63 of 88 evaluable patients (71.6%). Median overall survival (OS) was longer in patients achieving RBC-TI X8 weeks (4.3 vs 2.0 years in non-responders; Po0.0001) or cytogenetic response (4.9 vs 3.1 years in non-responders; P ¼ 0.010). Time to acute myeloid leukemia (AML) progression was longer in patients achieving RBC-TI X8 weeks or any cytogenetic response versus non-responders (P ¼ 0.001 and P ¼ 0.0002, respectively). In a landmark multivariate analysis, RBC-TI X8 weeks was associated with prolonged OS (Po0.001) and a trend toward reduced relative risk of AML progression (P ¼ 0.080). Among these lower-risk MDS patients with del(5q), lenalidomide was associated with prolonged RBC-TI and cytogenetic responses, which were linked to improved OS and reduced risk of AML progression.
INTRODUCTION
Myelodysplastic syndromes (MDS) with chromosome 5q deletion (del(5q)) is clinically and pathologically distinct from other MDS subtypes. It is characterized by hypo-proliferative anemia arising from impaired ribosome assembly, accompanied by dysplastic megakaryocytes. [1] [2] [3] Most patients become red blood cell (RBC)-transfusion dependent within the first year of diagnosis and have less durable responses to recombinant erythropoiesis-stimulating agents compared with other MDS subtypes. [4] [5] [6] The 5qÀ syndrome was first described in 1974 as a constellation of features, including isolated del(5q), hypoplastic anemia, mild leukopenia, normal or elevated platelet count with atypical megakaryocytes and an indolent clinical course. 7 Subsequent reports confirmed that patients with del(5q) MDS have a favorable prognosis compared with most other MDS subtypes, but that bone marrow blast counts 45%, greater cytogenetic complexity, RBC transfusion-dependence and significant non-erythroid cytopenias were all associated with reduced overall survival (OS) and a greater risk of acute myeloid leukemia (AML) progression. 4, 8, 9 Lenalidomide is approved in the United States for treatment of transfusion-dependent anemia in patients with International Prognostic Scoring System (IPSS) defined Low-or Intermediate (Int)-1-risk MDS, associated with del(5q), with or without additional cytogenetic abnormalities. In the multicenter, phase II registration trial of lenalidomide, MDS-003, 67% of patients achieved RBC-transfusion independence (TI), which was sustained for a median duration of 2.2 years. 10, 11 Unlike with erythropoiesisstimulating agents, lenalidomide was effective in heavily transfusion-dependent patients, and it was associated with suppression of the del(5q) clone, with all cytogenetic responders achieving RBC-TI. 10 The efficacy of lenalidomide was later confirmed in a phase III randomized, placebo-controlled trial (MDS-004). 12 Prolonged suppression of the primary MDS clone in patients with adverse cytogenetic features may favorably impact the risk for disease progression and possibly extend survival in patients with del(5q). To examine the potential benefit of prolonged suppression of the del(5q) clone with lenalidomide, we analyzed the long-term outcomes of OS and AML progression in patients enrolled in the MDS-003 trial.
PATIENTS AND METHODS

Patients and study design
In the MDS-003 study, RBC transfusion-dependent patients with IPSSdefined Low-or Int-1-risk MDS and del(5q), with or without additional chromosomal abnormalities, were treated with lenalidomide 10 mg for 21 days of each 28-day cycle or daily. Full details of patient eligibility criteria and study design have been described previously.
A non-interventional extension study was conducted between October 2009 and 8 October 2010 to collect long-term follow-up data in accordance with good clinical practice and regulatory requirements, including the Declaration of Helsinki, and was approved by institutional review boards at the participating centers. As of June 2009, 76 of 148 patients enrolled in MDS-003 had died; therefore, 72 patients were eligible for follow-up. Of these, 18 patients were excluded because the study site did not participate (16 patients) or patient consent was unavailable (2 patients). Informed consent (or, for deceased patients, legal consent from next of kin or a legal representative) was obtained for 33 patients, and information was obtained for the remaining 21 patients from other sources, including the United States Social Security Death Index, public records, hospital records and verbal reports from healthcare professionals, next of kin or legal representatives. For patients with AML progression, clinical and laboratory documentation was collected to confirm the diagnosis. For deceased patients with confirmed AML, the primary cause of death was determined based on available documentation, including autopsy reports, hospitalization, emergency department or out-patient medical records, death certificates, verbal reports, United States Social Security Database or public records. All analyses were performed at Celgene Corporation, Summit, NJ, USA. All authors had access to the data, were involved in analyzing and interpreting data and approved the final version of the manuscript.
Clinical end points
Clinical end points included erythroid and cytogenetic response, duration of RBC-TI, OS and time to AML progression. Erythroid and cytogenetic responses were evaluated according to modified International Working Group criteria. 13 RBC-TI was defined as a transfusion-free period of X8 consecutive weeks accompanied by an increase in hemoglobin of X1 g/dl. RBC-TI for X26 weeks was also assessed. Bone marrow assessments for pathologic and cytogenetic responses were performed at weeks 24 and 53 at treatment termination and when clinically indicated. Cytogenetic response was determined in patients who had X20 bone marrow cells in metaphase analyzed at baseline and during active treatment. Cytogenetic progression was defined as any of the following: (a) cytogenetic relapse, reappearance of the clonal abnormality present at baseline after a complete cytogenetic response or an increase in number of abnormal metaphases after a cytogenetic partial response, so that the criteria for partial response were no longer met; (b) clonal evolution, development of secondary abnormalities within the del(5q) clone or (c) development of independent clones distinct from the del(5q) clone. Disease progression was defined as progression to a more advanced French-American-British (FAB) subtype or AML (according to FAB criteria). Duration of OS was defined as time from first study dose of lenalidomide to death. Time to AML progression was defined as time from first study dose to diagnosis of AML. One patient diagnosed with AML at baseline was excluded from the analysis.
Statistical analysis
Analyses were based on combined data from the original MDS-003 study and the follow-up collection phase. The data reported here may differ from those in the original report due to a difference in the data cutoff used: 15 July 2005 in the original report 10 and 8 October 2010 in the current analysis. Median OS, duration of RBC-TI and AML progression were estimated using the Kaplan-Meier method. Patients without a reported death date were censored at the last known date they were alive. Patients with unknown status or missing date of AML progression (including 18 patients who did not participate in follow-up) were censored at date of last contact they were known to be AML-free. Time to AML progression was also analyzed using Gray's test, with death as a competing risk.
Univariate comparisons were performed using Fisher's exact test or t-test. All reported P values are two-sided, with a P valueo0.05 considered statistically significant. Multivariate analysis of covariates associated with OS and AML progression was performed using a Cox proportional hazards model. A backward elimination variable-selection approach was applied to remove variables from the model until all remaining variables had Po0.15. The following variables were used: age (years); sex (male vs female); IPSS risk (Int-1-, Int-2-or High-risk vs Low-risk); FAB classification (refractory anemia with excess blasts (RAEB) or chronic myelomonocytic leukemia (CMML) vs refractory anemia (RA) or RA with ringed sideroblasts (RARS)); time since MDS diagnosis (years); transfusion burden (units/8 weeks); bone marrow blast count (X5 vs o5%); number of cytopenias (2 or 3 vs 1); platelet count (10 9 /l); neutrophil count (10 9 /l); minimum hemoglobin concentration during the 8-week baseline period (g/dl); cytogenetic complexity (del(5q) plus X1 abnormality vs isolated del(5q)); World Health Organization prognostic scoring system risk group (High or Very High vs Intermediate or Low); and RBC-TI X8 weeks as a time-dependent variable.
To reduce potential bias, a 6-month landmark analysis was used to assess OS (excluding patients who died within the first 6 months) by RBC-TI X8 weeks and cytogenetic response.
RESULTS
Patient characteristics
Baseline characteristics are summarized in Table 1 . The median age was 71.0 years and 65.5% of patients were female. Median time since MDS diagnosis was 2.5 years and 72.3% of patients had a transfusion burden of X4 RBC units per 8 weeks. Most patients had RA or RARS (52.7% and 10.8%, respectively). Overall, 74.3% of patients had isolated del(5q) (including 27.0% with 5qÀ syndrome) and 25.0% had del(5q) plus X1 additional abnormality. Median follow-up was 3.2 years (range: 0.03-6.8). Baseline characteristics of patients who were included in the follow-up phase were comparable with those who were not included in the follow-up phase, with the exception of age (P ¼ 0.001), karyotype (P ¼ 0.042), karyotype IPSS risk score (P ¼ 0.044) and absolute neutrophil count (P ¼ 0.029) ( Table 1 ).
Erythroid response
In this updated analysis, RBC-TIX8 weeks with hemoglobin improvement was achieved in 97 patients (65.5%) ( Table 2) . Sixteen additional patients (10.8%) had a minor erythroid response, yielding an overall erythroid response rate of 76.4%. Median time to RBC-TI X8 weeks was 1.3 months (95% CI, 1.1-1.5). RBC-TI X8 weeks rates were similar when analyzed by IPSS risk (P ¼ 0.205) or karyotype complexity (P ¼ 0.155). Rates of RBC-TI X8 weeks appeared to be higher and time to response shorter in patients who were included in the follow-up phase than in the overall population (85.2% vs 65.5% and 0.8 vs 1.3 months, respectively) ( Table 2 ). Median duration of RBC-TI X8 weeks in the overall population was 2.2 years (range: 1.5-2.9) ( Figure 1 , panel a).
Response was maintained for X1 year in 66 patients (68.0%) and X2 years in 52 patients (53.6%), while 28 patients (29.0%) remained TI and on-study at data cutoff. Median duration of RBC-TI X8 weeks was longer in patients with isolated del(5q) than in those with del(5q) plus additional abnormalities (2.3 vs 2.0 years; P ¼ 0.020) ( Figure 1 , panel b). In patients evaluable for cytogenetic response, median duration of RBC-TI was longer in those who achieved a cytogenetic response compared with nonresponders (3.2 vs 1.0 years; P ¼ 0.0015) ( Figure 1 , panel c).
Cytogenetic response Among 88 patients evaluable for cytogenetic response, 40 (45.5%) achieved a complete response and 23 (26.1%) achieved a partial response as best response, yielding an overall response rate of 71.6% ( Table 2 ). Rates of cytogenetic responses appeared to be comparable in patients who were included in the follow-up phase (Table 2) .
Among the 63 cytogenetic responders, 38 (60.3%) patients achieved an initial complete response. Of the patients with a complete response, 25 (39.7%) patients maintained this response during follow-up, 6 (9.5%) had subsequent partial response only, 6 (9.5%) relapsed and 1 (1.6%) had subsequent partial response followed by complete response and finally treatment failure. Fourteen (22.2%) patients who achieved a partial response maintained their response during follow-up, while 9 (14.3%) patients with a partial response relapsed. Furthermore, 2 patients who achieved an initial partial response improved to a complete response, yielding an overall study complete response in 40 (45.5%) evaluable patients: one patient with a partial response at Outcomes in LEN-treated MDS patients with del(5q) AF List et al Outcomes in LEN-treated MDS patients with del(5q) AF List et al day 58 had a complete response at day 143 and 1 patient had a partial response at day 149 and achieved a complete response at day 324.
Among patients who achieved a cytogenetic response, median time to best cytogenetic response (PR or CR) was 5.0 months (95% CI, 4.8-5.3) and median time to complete or partial cytogenetic response was 4.9 months (95% CI, 4.7-5.1) and 5.4 months (95% CI, 5.0-5.8), respectively.
Most cytogenetic responders also achieved RBC-TI X8 weeks (62/63 (98.4%)) or RBC-TI X26 weeks (57/63 (90.5%)). Among all 97 patients who achieved RBC-TI X8 weeks, 62 (63.9%) were also cytogenetic responders, whereas the cytogenetic status of 26 (26.8%) patients was unknown.
Overall survival Median OS was 3.3 years (95% CI, 2.7-3.9). Cumulative 1-and 5-year OS rates were 84.2% and 30.4%, respectively. Patients with isolated del(5q) at baseline had longer median OS (3.9 years; 95% CI, 3.1-4.7) than patients with additional cytogenetic abnormalities (2.7 years; 95% CI, 1.8-3.0; P ¼ 0.003) (Figure 2, panel a) .
Fewer patients with RBC-TI X8 weeks died than nonresponders (58.8% vs 86.3%). Similarly, fewer RBC-TI X26 weeks responders died than non-responders (54.7% vs 87.1%). By the 6-month landmark analysis, median OS was longer in patients who achieved RBC-TI X8 weeks (4.3 years; 95% CI, 3.6-5.9) than in non-responders (2.0 years; 95% CI, 1.3-2.2; Po0.0001) (Figure 2,  panel b) . Cumulative 1-and 5-year OS rates were higher in patients with RBC-TI X8 weeks (96.8% and 41.1%, respectively) than in non-responders (81.6% and 14.0%, respectively). In a Cox proportional hazards model for OS by RBC-TI X8 weeks response, increased risk of death was associated with lower platelet count (P ¼ 0.019) and higher absolute neutrophil count (P ¼ 0.030) in patients with RBC-TI X8 weeks and with advanced age (P ¼ 0.007) in patients without RBC-TI X8 weeks.
Fewer cytogenetic responders died (50.8%) than non-responders (80.0%) or patients not evaluable for cytogenetic response (81.7%). By the 6-month landmark analysis, median OS was significantly longer in patients with a cytogenetic response (4.9 vs 3.1 years in non-responders; P ¼ 0.010). Similarly, median OS was significantly longer in patients with a partial cytogenetic response (3.9 years; 95% CI, 2.8 to not evaluable) and in patients with complete cytogenetic response (4.9 years; 95% CI, 3.9 to not evaluable) than in non-responders (3.1 years; 95% CI, 2.0-4.3; P ¼ 0.022) (Figure 2, panel c) . No significant difference in median OS was reported between patients achieving partial or complete cytogenetic response (3.9 vs 4.9 years; P ¼ 0.369). Cumulative 1-and 5-year OS rates were higher in cytogenetic responders (96.8% and 46.7%, respectively) than in non-responders (91.3% and 24.2%, respectively). The incidence of death was lowest in the 57 patients who achieved both cytogenetic response and RBC-TI X26 weeks (47.4%), and highest in the 17 patients who achieved neither RBC-TI X26 weeks nor cytogenetic response (82.4%; P ¼ 0.001).
Cox proportional hazards model results are shown in Table 3 . By the 6-month landmark analysis, RBC-TI X8 weeks was associated with a 73% reduction in the relative risk of death (Po0.001). Baseline factors that negatively affected OS were advanced age (Po0.001), male sex (P ¼ 0.012), bone marrow blast count X5% (P ¼ 0.015), lower platelet count (P ¼ 0.030) and lower minimum hemoglobin level in the 8-week baseline period (not correlated with transfusion burden) (P ¼ 0.035). The association between increasing karyotype complexity and death was of borderline significance (65% increased risk; P ¼ 0.065). Similar results were observed when the overall population was analyzed, except that bone marrow blast count and platelet count did not significantly affect OS, whereas unfavorable FAB subtype (RAEB or CMML) negatively affected OS (P ¼ 0.009). Complete cytogenetic response evaluation required X2 abnormal metaphases at baseline and was defined as the absence of abnormal metaphases after treatment. Partial cytogenetic response was defined as X50% reduction in the proportion of abnormal metaphases.
Outcomes in LEN-treated MDS patients with del(5q) AF List et al
Disease progression
Seven patients (4.8%) progressed to a more advanced FAB subtype and 36 patients (24.5%) progressed to AML. Cumulative 1-and 5-year AML progression rates were 6.9% and 28.6%, respectively. AML progression occurred in 7 of 49 (14.3%) IPSS Low-risk patients (including 6 of 40 (15.0%) with 5qÀ syndrome), 20 of 69 (29.0%) Int-1-risk patients, 3 of 9 (33.3%) Int-2-or High-risk patients and 6 of 21 (28.6%) unclassified patients. Median follow-up duration for AML progression was 3.1 years. Median time to AML progression was not reached in patients with isolated del(5q) and was 4.1 years (95% CI, 2.6 to not evaluable) in patients with additional cytogenetic abnormalities (P ¼ 0.001).
When analyzed with death as a competing risk, time to AML progression was longer in patients with isolated del(5q) compared with patients with additional cytogenetic abnormalities (P ¼ 0.005) ( Figure 3, panel a) .
Fewer patients with RBC-TI X8 weeks progressed to AML than non-responders (20.6% vs 32.0%). Similarly, fewer RBC-TI X26 weeks responders progressed to AML than non-responders (20.9% vs 29.5%). Median time to AML progression was not reached in patients with RBC-TI X8 weeks (95% CI, not evaluable) and was 5.2 years (95% CI, 1.8 to not evaluable) in non-responders (P ¼ 0.001). Cumulative 1-and 5-year AML progression rates were lower in patients with RBC-TI X8 weeks (4.3% and 23.7%, respectively) than in non-responders (13.1% and 42.5%, respectively). When analyzed with death as a competing risk, time to AML progression in patients with a RBC-TI X8 weeks response was no longer significantly different from non-responders (P ¼ 0.174) (Figure 3, panel b) . Fewer cytogenetic responders progressed to AML than non-responders (15.9% (10/63) vs 52.0% (13/25)). Median time to AML progression was not reached in patients who achieved partial or complete cytogenetic response and was 3.8 years (95% CI, 1.5 to not evaluable) in non-responders (P ¼ 0.002). Time to AML progression remained significant when analyzed with death as a competing risk (P ¼ 0.012) (Figure 3, panel c) . There was no significant difference in time to AML progression between patients who achieved partial or complete cytogenetic response (P ¼ 0.847). Cumulative 1-and 5-year AML progression rates were lower in cytogenetic responders (3.2% and 14.9%, respectively) than in non-responders (8.7% and 60.2%, respectively). Figure 2 . Kaplan-Meier estimates of overall survival according to: (a) baseline karyotype (1 patient had no baseline karyotype available and was excluded from the analysis); (b) red blood cell-transfusion independence (RBC-TI) X8 weeks response (by the 6-month landmark analysis) and (c) partial or complete cytogenetic response (by the 6-month landmark analysis). Abbreviation: del(5q), chromosome 5q deletion.
Outcomes in LEN-treated MDS patients with del(5q) AF List et al
The incidence of AML progression was lowest in patients who achieved both RBC-TI X26 weeks and cytogenetic response and highest in patients who achieved neither RBC-TI X26 weeks nor cytogenetic response (14.0% vs 52.9%; P ¼ 0.009).
Cox proportional hazards model results in the overall population are presented in Table 3 . By the 6-month landmark analysis, achievement of RBC-TI X8 weeks was associated with a trend for reduced risk of AML progression (56% risk reduction; P ¼ 0.080). The relative risk of AML progression was increased approximately threefold in patients with 2 or 3 cytopenias at baseline (P ¼ 0.031) and fivefold in patients with IPSS defined Int-1-risk or higher risk MDS (P ¼ 0.002). In the overall population, RBC-TI X8 weeks was also associated with a trend for reduced relative risk of AML progression (52% risk reduction; P ¼ 0.083), and del(5q) plus additional abnormalities was associated with an approximately threefold higher relative risk of AML progression (P ¼ 0.004); however, neither number of cytopenias nor IPSS category were significant.
DISCUSSION
Lenalidomide yields high rates of RBC-TI and cytogenetic response in MDS patients with del(5q). 10, 12, 14 The concordance between cytogenetic response and RBC-TI, and the selective action of lenalidomide on clones containing the del(5q) abnormality may be necessary for sustained hematologic improvement. 15 Also, the ability of lenalidomide to suppress the del(5q) clone in heavily transfusion-dependent patients distinguishes it from recombinant erythropoiesis-stimulating agents. Analysis of the MDS-003 phase II trial suggests that induction of sustained RBC-TI and/or suppression of the del(5q) clone with lenalidomide may improve survival and reduce the risk of AML progression in transfusiondependent MDS patients with del(5q).
Transfusion dependence is associated with decreased OS and greater risk of AML progression proportionate to monthly transfusion burden in MDS patients with o5% bone marrow blasts. 16, 17 Similar findings were reported for patients with del(5q) in a recent analysis from the Mayo Clinic. 8 In the current study, median OS was significantly prolonged in patients who achieved RBC-TI X8 weeks compared with those who did not achieve RBC-TI (4.3 and 2.0 years, respectively; Po0.0001). Furthermore, the median OS reported in responders was approximately 1 year longer than that achieved with best supportive care only Outcomes in LEN-treated MDS patients with del(5q) AF List et al (3.3 years) in a similar patient population. 18 Despite the significant differences in outcome, the data should be viewed with recognition of the inherent potential bias. For example, patients had to survive long enough to be classified as responders, whereas non-responders may have died at any time. The landmark analysis, which excluded patients who died in the first 6 months, was performed to reduce this bias. Consistent with results reported previously for the prospective, randomized, placebo-controlled MDS-004 study, 12 multivariate analysis indicated that achievement of RBC-TI X8 weeks was a significant predictor for OS and reduced the risk of AML progression in the landmark analysis. Achievement of RBC-TI with lenalidomide may improve the chance of survival in lower-risk MDS patients with del(5q) or it may be a surrogate factor indicating better underlying bone marrow function. Baseline factors affecting OS included age, sex, bone marrow blast and platelet counts, and minimum hemoglobin concentration. In addition, consistent with previous reports, complex karyotype at baseline was associated with reduced OS (P ¼ 0.065). 9 Achievement of RBC-TI was closely associated with cytogenetic response, with 98.4% of cytogenetic responders achieving RBC-TI X8 weeks (the only cytogenetic responder who did not achieve RBC-TI had isolated del(5q)). Consistent with this, cytogenetic response was associated with improved OS and a lower risk of AML progression. Given the small proportion of patients with 5qÀ syndrome (27.0%), it is unlikely that selective sensitivity of del(5q) subsets with more favorable features accounts for the significant difference in survival and AML risk between cytogenetic responders and non-responders. Interestingly, we found no significant difference in OS between patients achieving a partial or complete cytogenetic response, indicating that partial suppression of the del(5q) clone may be sufficient to impact survival.
Several disease characteristics were shown to predict AML progression in untreated patients, including karyotype complexity (Po0.001), platelet count (P ¼ 0.001) and bone marrow blast count (P ¼ 0.016). 9 Results of the current study showed that the number of cytopenias (P ¼ 0.031) and IPSS category (P ¼ 0.002) were significant predictors of AML progression. AML progression was delayed in patients who achieved RBC-TI X8 weeks (P ¼ 0.001) or cytogenetic response (P ¼ 0.002). Achievement of RBC-TI X8 weeks was also shown to be an independent predictor of risk for AML progression. These long-term follow-up data corroborate previous observations that achievement of cytogenetic response and RBC-TI with lenalidomide is associated with reduced risk of AML progression in MDS patients with del(5q). 12 However, when analyzed with death as a competing risk, time to AML progression in patients with a RBC-TI X8 weeks response was no longer different from non-responders. In a competing risk model, death of any cause before transformation to AML is mathematically included in the statistical analysis to adjust for possible bias. A patient who dies due to an AML-unrelated event cannot develop AML. It should be noted, however, that since MDS patients are elderly and the disease itself leads to increased non-leukemic mortality, assessment is statistically challenging.
Achievement of RBC-TI or cytogenetic response with lenalidomide is a crucial determinant of long-term survival and AML progression in transfusion-dependent patients with lower-risk MDS and del(5q). Optimizing RBC-TI and cytogenetic response may, therefore, maximize the disease-modifying potential of lenalidomide in these patients.
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